Abstract -Ceramic granules fabricated from Quaternary clay at 1200 °C were tested for their flotation ability in a water model system containing silicone oil. The presence of oil in the liquid phase improved flotation of granules, probably due to sorption of oil by ceramics. Coating of granules with SiO2 resulted in decreased flotation ability, irrespectively of the presence of oil. Granules were shown to be appropriate for bacterial colonization.
I. INTRODUCTION
Capturing floating oils, especially after oil spills near coastal areas, is used for remediation of hydrocarboncontaminated waters. A broad diversity of technological solutions is known in this area. For this purpose an oil collecting apparatus was designed, which included a set of columns coupled to form a long line directed to oil collection station [1] . Besides, the development of special wettable materials for oil/water separation, which is based on the different types of separation, attracts great attention. In this respect, superhydrophobicity and superoleophilicity of oilremoving type materials plays a crucial role in order to selectively filter or absorb oil from oil/water mixtures [2] .
Granular materials can be applied to hydrophobic liquids floating over another liquid (i.e. water). The particles form aggregates which can be afterwards separated from the floating phase. About 50 % of the floating oil can be removed by limestone and quartz sand, when ratio of granular material to floating oil is about 1 g·g −1 . However, dependence of oil removal efficiency on the amount of granules is not linear [3] . Particle size distribution and mineral composition of the suspended material is likely to influence the formation of oilgranule aggregates (OGA). Sun and co-workers [4] reported about an increase of OGA formation with decreasing the particle size up to <6 µm. Comparison of kaolinite and bentonite showed a higher potential of kaolinite to form and settle OGA [4] . Quartz sand was tested in order to capture the floating hydrophobic liquid layer. The encapsulated globules were covered with fine sand particles and retained their shape upon settling [5] .
Another parameter influencing the oil sorption on suspended particles is their porosity. Li and co-workers [6] found that the porous poly(dimethylsiloxane) granules absorb the floating oil better compared to nonporous or oligoporous ones. Besides, porous material was characterized by higher stability and recyclability [7] .
Granules also serve as a support for chemical catalysts, e.g. TiO2, for photocatalytic decomposition of floating oils [8] . Besides, formation of biofilm on the surface of porous material could sufficiently facilitate the process of oil removal via microbial biodegradation activity. Our earlier studies indicated the suitability of different types of Latvian clay for manufacture of porous carrier for hydrocarbon-degrading bacterial consortium [9] .
Biodegradation of hydrocarbons is linked to some specific problems, e.g. an inherent toxicity of crude oil in an aquatic environment. To overcome this limitation silicone oil can be used as the sequestering organic phase to control the delivery of crude oil in aqueous phase by absorbing and subsequently releasing the crude oil to microorganisms in a bioreactor [10] .
This paper presents the results of testing of ceramic granules for their flotation ability in laboratory conditions. The granules with a bulk density below 1 g·cm −3 were fabricated from Quaternary clay. Addition of silicone oil to the water model system (WMS) containing hydrocarbon-degrading bacteria consortium was aimed at evaluating the suitability of newly designed granules for oil sorption and biofilm formation on the surface in an aquatic environment.
II. MATERIALS AND METHODS

A. Fabrication of Ceramic Granules
Granules were fabricated from Quaternary clay with addition of 45 % of milled SiO2 and 3 % of sawdust. Dry granules were put into a kiln, heated up to 1200 °C and exposed for 10 min at this temperature. Bulk density of these pellets was 0.95 g·cm −3 . To decrease the adherence between granules during the fabrication process, part of granules were covered with SiO2 powder (Fig. 1) . 
B. Incubation of Granules in WMS
Granules were immersed in WMS (70 granules in 500 mL) in the plastic 700 mL dishes with a lid. Dishes with granules were kept without shaking at 20 C for 70 days. The number of floating granules in each dish was monitored every day during the first week and afterwards -once a week.
Composition of the WMS was as follows: CO (NH2) ). The sets [WMS + oil] and [WMS + oil + bacteria] were amended with 1 mL of silicone oil (viscosity 350 cSt at 25 C, Aldrich, CAS: 63148-62-9) or 1 mL silicone oil and 5 mL inoculum of bacterial consortium (1.0·10 9 colony forming units per mL), respectively. Bacterial consortium consisted of Pseudomonas spp. and Stenotrophomonas maltophilia and was previously described as hydrocarbon-degrading consortium [11] .
C. Confocal Laser Scanning Microscopy
Cells were fixed with 96 % ethanol and stained with propidium iodide (PI) with concentration 20 µmol·ml −1 . Samples were analysed using confocal laser scanning microscope Leica DM RA-2 (Germany) equipped with a TCS-SL confocal scanning head. PI was excited with a 488 nm band and fluorescence was detected between 600 nm and 640 nm.
D. Statistical Analysis
The experiment was performed triplicate. The data presented in the figures were expressed as mean value ± standard deviation. Differences between the treatments were assessed by the Student's t-test and one-way analysis of variance (ANOVA). Coefficient of determination r 2 of linear regression model was estimated using Microsoft Excel.
III. RESULTS
A. Flotation Ability of Ceramic Granules
A flotation ability of the tested ceramic granules was investigated during 70 day period. Amount of the granules remaining on the wastewater surface in dependence on the composition of the liquid and the period of incubation is shown in Fig. 2 . At the end of the experiment, sedimentation of non-coated granules was retained in the presence of oil (Fig. 2, I ). In particular, notable differences between the settling rate of the non-coated granules incubated in WMS, [ (Fig. 2, I ).
Conversely, flotation of the SiO2-coated granules gradually decreased up to 15 %, irrespectively of the presence of oil and bacteria (Fig. 2, II) . 
B. Weight of Ceramic Granules after the 70 Day Flotation Experiment
Comparison of both types of the tested granules by their weight after 70 day incubation is shown in Fig. 3 . In case of non-coated granules, addition of oil to the WMS resulted in a significant increase of average granule weight, i.e. from 0.59  0.02 g·granule −1 in unamended WMS to 0.72  0.03 and 0.73  0.00 g·granule −1 for [WMS + oil] (P = 0.004) and [WMS + oil + bacteria] (P < 0.0001), respectively. Most probably, the sorption of oil on the granules resulted in an increased weight, hence, the absorbed oil facilitated the flotation of these granules (Fig. 2, I ).
SiO2-coated granules did not differ by their weight significantly after 70 days incubation in three types of WMS tested (Fig. 3) . It might be explained by lower sorption ability towards hydrophobic substances. However, this hypothesis needs additional testing. 
C. Linear Regression Analysis of a Possible Correlation between Flotation Ability and Weight of Granules after 70 Day Experiment
Increase of the flotation ability of granules in the presence of oil in WMS could be caused by oil sorption, thus decreasing granule density. An increase of the weight of granules after incubation with oil also supports the hypothesis of oil sorption. In this respect, a linear regression analysis was performed to determine whether flotation ability of granules is dependent on their weight or not. Regression analysis showed a high correlation (r 2 = 0.67) between flotation ability and weight of the granules after 70 day experiment, taking the data for all three variants (Fig. 4) . 
D. Visualization of the Granule Surface by Light and Confocal Laser Scanning Microscopy
Visualization of granule surface provides the fabricated ceramics with additional characteristics, which could serve as i) a sorbent for hydrophobic substances and as ii) a carrier for microbial adhesion. The porous structure of these granules is shown on the light micrographs (Fig. 5 ). Ceramic granules fabricated from different types of Latvian clays, as shown in our earlier studies, were characterized by biofilm formation on the surface [9] . In the present study, randomly distributed cells as well as microcolonies were detected on the surface of both non-coated and SiO2-coated granules (Fig. 6) . Bacteria formed long finger-like colonies on the surface of untreated granules. Remarkably, smaller colonies were observed on the surface of SiO2 covered granules. Bacterial colonies were not observed deep inside pores. (C, D) . A, C -summary visualization of both, abiotic and biotic substance distribution. C, D -bacterial cells. Green colour corresponds to abiotic, while red and yellow -biotic substances, respectively. Black zones correspond to non-scanned surfaces, which are situated either above or below the scanning zone.
IV. DISCUSSION
Ceramic granules, which were tested in this study, demonstrated their potential to be used in oil removal technologies due to several reasons.
First, 80 % of granules remained floating after 20 days in oil-spiked wastewaters. From the technological point of view, the period for oil removal from water surface might be even shorter. Floating aggregates can be applied in different technological aspects, in particular, for oil sorption followed by formation of oil-granule aggregates and their settling due to increased density [4] , [5] . In our study, the ceramic granules after incubation in the oil-spiked WMS did not settle, most probably, because of i) their initial low density (0.95 g·cm −3 ) and ii) sorption of silicone oil with a density of 0.97 g·mL −3 . In this respect, oil-granule aggregates can be collected from the water surface.
Second, floating ceramic granules could serve not only as a sorbent, but also as a carrier for biofilm formation. Our earlier paper has summarized a comparative study on the ceramic granules fabricated from different Latvian clays. It was concluded that the quality of ceramic carrier is dependent on the physicochemical properties of clay, technological process of ceramic production, bead composition and conditions for biofilm formation [9] . These ceramic granules are characterized by a high porosity; however, this parameter is also likely to be variable in dependence on the type and proportion of clay and additives as well as thermal treatment of ceramic mass. Addition of bacterial consortium with a hydrocarbon degrading ability to oil-spiked wastewaters resulted in biofilm formation on the surface of ceramic granules, which was detected microscopically. Observation of granule surface by confocal laser scanning microscopy confirmed the presence of microcolonies as well as provided with specific characterization bacterial colonization on the granules. Thus, it was pointed out that bacteria favoured the parts of granules, which were faced towards the outer environment. Besides, the non-coated (with SiO2) granules provided better physical properties for large (long) colonies of bacteria onto the surface.
These findings confirm the hypothesis on the potential efficient application of floating ceramic granules for oil removal from the water surfaces, especially at the final purification stage. It might be attributed not only to crude oil. Apart from base petroleum stocks, mineral oils in their commercial applications contain about 10 % to 25 % of substances known as additives [12] , [13] . These additives include extreme pressure, anti-wear additives, corrosion and oxidation inhibitors, defoamers, viscosity index improvers, dispersants etc. [12] . Oil contaminated wastewater comes from variety of sources [14] .
Further investigation should be focused on the quantification of the sorption and biodegradation processes that occurred on the surface of granules, optimization of granule composition and fabrication conditions, granules size and the ratio [oil : granules]. Favourable conditions for biodegradation also have to be taken into consideration.
V. CONCLUSION
Ceramic granules fabricated from Quaternary clay atfirst 20 days, which was increased by the presence of oil in the WMS (P = 0.003).
The increase of granule weight after 70 day incubation in the presence of oil in the WMS indicated the sorption process. Regression analysis showed a high correlation within the group of [WMS + oil] (r 2 = 0.91) and [WMS + oil + bacteria] (r 2 = 0.72) between flotation ability and weight of the granules after 70 day experiment.
Coating of granules with SiO2 decreased the flotation ability in comparison to non-coated ones. A search for alternative coating methods is required.
Granules were shown to be appropriate for bacterial colonization.
